The effect of growth conditions on the structural and electronic properties of the polar/non-polar LaCrO 3 /SrTiO 3 (LCO/STO) interface has been investigated. The interface is either insulating or metallic depending on growth conditions. A high sheet carrier concentration of 2x10 16 cm −2 and mobility of 30,000 cm 2 /V s is reported for the metallic interfaces, which is similar to the quasi-two dimensional gas at the LaAlO 3 /SrTiO 3 interface with similar growth conditions. High-resolution synchrotron X-ray-based structural determination of the atomic-scale structures of both metallic and insulating LCO/STO interfaces show chemical intermixing and an interfacial lattice expansion. Angle resolved photoemission spectroscopy of 2 and 4
I. INTRODUCTION
Polar/non-polar perovskite interfaces have attracted considerable interest since the discovery of novel interfacial phenomena not found in the constituent bulk materials [1] [2] [3] [4] . Of considerable interest is the interface between polar LaAlO 3 (LAO) and non-polar SrTiO 3 (STO), which exhibits a high mobility quasi-two dimensional electron gas (q-2deg), ferromagnetism and superconductivity, despite both materials being non-magnetic bulk insulators 1,2,5 .
Conductivity at the LAO/STO interface has been attributed to an interfacial polarity driven electronic reconstruction, 1 ionic intermixing 6 and defects related to cation nonstoichiometry 7 and oxygen vacancies. 8 Since it's discovery, other complex oxides such as SmTiO 3 , GdTiO 3 , LaTiO 3 , LaGaO 3 ,and LaVO 3 have been grown on STO and have been shown to also exhibit interfacial conductivity 9-14 while some polar/non-polar interfaces such as the LaCrO 3 (LCO)/STO were found to be insulating 15 . An electric field at the LCO/STO interface observed by photoelectron spectroscopy 15 is expected to result in an electronic reconstruction resulting in a conducting interface. The absence of conductivity is attributed to Ti outdiffusion which results in a redistribution of charge in the interfacial CrO 2 layers.
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However, mobile charge carriers have been reported for LCO/STO superlattices. 16 To gain further insight into the intrinsic and extrinsic mechanisms that trigger conduction at these interfaces the effect of growth conditions is required.
In this paper, we investigate the effect of growth temperature on the electrical and structural properties of the LCO/STO interface using a combination of high-resolution synchrotron X-ray diffraction structural measurements, angle resolved photoemission spectroscopy (ARPES) and temperature-dependent transport measurements. Previous reports on the LAO/STO interface have shown that growth temperature can have a considerable effect on the transport properties of the interface 17 . LCO is a bulk insulator with a bandgap of 3.4 eV 18 . At room temperature, it has an orthorhombic crystal structure with a pseudocubic lattice parameter of 3.88Å, leading to a small lattice mismatch of 0.5% with STO 19 .
Here, we find that by varying the growth temperature and post-growth treatments, the interface can be tuned from an insulating to a high mobility metallic state. One HT sample was annealed in flowing oxygen at 300 o C for 1.5 hr in a tube furnace and a LT sample was annealed at 800 o C in 1x10 −7 Torr oxygen partial pressure for 30 minutes in the MBE chamber.
B. Transport/Hall Measurements
Temperature-dependent Hall and resistivity measurements were performed using a 4-point Van der Pauw configuration in the range of 2 to 300 K. Gold contacts were deposited at the corners of the samples using a shadow mask. All transport measurement were performed using a Quantum Design physical property measurement system (PPMS). The HT as grown samples were found to be conducting at room temperature with sheet resistivities on the order of 100Ω/ while the LT as grown samples were highly insulating (>100 MΩ/ ). 
C. Synchrotron X-ray Diffraction
To determine the differences in the atomic-scale structures of the as-grown HT-metallic and LT-insulating nominally 10 uc LCO films, synchrotron X-ray diffraction measurements were carried out at the 33ID beamline at the Advanced Photon Source. Crystal truncation rods (CTR) were measured along the STO bulk crystallographic directions with an incident X-ray energy of 15.5 eV. The layer-resolved structure and composition of the films were obtained from fitting the CTR data with a genetic based algorithm, GenX 
D. Angle Resolved Photoemission Spectroscopy
Angle-resolved photoemission spectroscopy (ARPES) was performed at room temperature ( 27 o C ) in ultrahigh vacuum (UHV) using both a He I (21.2 eV) plasma light source and a pulsed laser source ( 6.2 eV from the fourth harmonic of a Ti-sapphire laser). Photoelectrons were analyzed using a 150 mm mean radius hemispherical analyzer (Specs Phoibos 150) with 2D detector. All samples were transported from the growth chamber through ambient air to be inserted in the ARPES chamber. They were subsequently annealed in vacuum at 300 o C for 30 minutes and allowed to cool back to room temperature prior to data collection. The binding energy scale on all samples was corrected for charging effects in order to correspond with K. Maiti et. al. Figure 3 shows the temperature-dependent mobility (µ), sheet resistance and sheet carrier density (n s ) for the metallic LCO/STO samples determined from the Hall measurements.
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III. RESULTS AND DISCUSSION
The transport properties are compared for the as-grown HT sample, the flowing oxygenannealed HT sample, and the LT sample annealed at 800 o C in 1x10 −7 Torr O 2 . For all 3 metallic samples, the electron mobility increases as the temperature is reduced while the sheet carrier concentration remains roughly constant. The HT as-grown sample shows a mobility of 30,000 cm 2 /Vs and a sheet carrier density of 2x10 16 cm −2 at 2 K which is similar to previous reports on the electrical properties of the 2-deg at the LAO/STO interface grown under low oxygen growth pressures and metallic reduced STO substrates 20 . Annealing the HT sample in 1 atm O 2 at 300 o C for 1.5 hrs reduces the sheet carrier concentrations by more than an order of magnitude.
In contrast to the metallic as-grown HT sample, the as-grown LT sample shows no measurable conductivity at room temperature, hence, we estimate its sheet resistance to be greater than 100 MΩ/ . Annealing the insulating LT sample under the growth conditions shows that significant La/Sr inter-diffusion occurs for both insulating and metallic samples in agreement with previous electron microscopy and Rutherford backscattering measurements which has been suggested to be driven by strain relaxation. 
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The layer-resolved lattice constants shown in Figure 4 (b) are determined from the spacing of the A-site cations along the growth direction. We observe in both samples an expansion at the interface followed by a linear decrease towards the film surface. The expansion in the STO (layers -1 and 0) is related to the diffusion of La into the STO substrate. Doping due to cation intermixing can be ruled out as the main source of conductivity since it is observed in both the insulating and metallic samples in Figure 4 . Hole doping of LCO with Sr can induce a insulator-metal transition for Sr dopants above 65%. 27 However, the Sr content observed for both films in Figure 4 (a) is insufficient to account for the metallicity.
Additionally, the Hall coefficient for the metallic samples is negative indicative of majority electron carriers.
The high carrier concentrations (10 14 -10 16 cm −2 ) observed for the metallic samples and the correlation between the growth temperature and post-growth oxygen annealing conditions on metallicity point to oxygen vacancies in the STO as the dominant source of free carriers in the LCO/STO system.
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Angle resolved photoelectron spectroscopy measurements were carried out to elucidate the electronic structure near the surface of the LaCrO 3 films. sensitive mostly to the surface of the film. However, we performed the same measurements with 6.2 eV photons (not shown here) that are expected to probe significantly more deeply into the bulk of the films and did not find any evidence of a metallic state near the Fermi level for any films. By extending our measurements down to 2 unit cell films (lowest spectrum in Figure 5 (b)) we confirm that the metallic transport behavior is deeply buried enough below the LCO surface to be inaccessible to photo-electron spectroscopy. 
